Understanding the development of cracks in masonry walls can provide insight into their capability for earthquake resistance. The crack development is characterized by the displacement difference of the adjacent positions on masonry walls. In seismic oscillation, the instantaneous dynamic displacements of multiple positions on masonry walls can warn of crack development and reflect the propagation of the seismic waves. For this reason, we proposed a monocular digital photography technique based on the PST-TBP (photographing scale transformation-time baseline parallax) method to monitor the instantaneous dynamic displacements of a masonry wall in seismic oscillation outdoors. The seismic oscillation was simulated by impacting a suspended steel plate with a hammer and by simulation software ANSYS (analysis system), for comparative analysis. The results show that it is feasible to use a hammer to impact a suspended steel plate to simulate the seismic oscillation as the stress concentration zones of the masonry wall model in ANSYS are consistent with the positions of destruction on the masonry wall, and that the crack development of the masonry wall in the X-direction could be characterized by a sinusoid-like curve, which is consistent with previous studies. The PST-TBP method can improve the measurement accuracy as it corrects the parallax errors caused by the change of intrinsic and extrinsic parameters of a digital camera. South of the test masonry wall, the measurement errors of the PST-TBP method were shown to be 0.83mm and 0.84mm in the X-and Z-directions, respectively, and in the west, the measurement errors in the X-and Z-directions were 0.49mm and 0.44mm, respectively. This study provides a technical basis for monitoring the crack development of the real masonry structures in seismic oscillation outdoors to assess their safety and has significant implications for improving the construction of masonry structures in earthquake-prone areas.
Introduction
The magnitude, 7.9 Wenchuan earthquake of 2008, occurred along the Longmenshan Fault with an 11-degree epicenter intensity [1] . The earthquake was felt across China and was profiled as the strongest earthquake in China since 1949. Statistics show that this destructive earthquake knocked down ∼6,500,000 houses and destroyed ∼23,000,000. More than 80% of the structures affected were masonry houses [2] . Rapid house collapse led to numerous inhabitants buried and thus killed. The catastrophic consequences have offered clear evidence of the poor performance of those masonry structures during the earthquake attack. Since then, Chinese authorities at all levels have been implementing strict policies and rules on the resistance of buildings to earthquakes. The seismic resistance of masonry structures has therefore become a hotspot once again in recent years in China and beyond.
Mathematical Problems in Engineering
A crack in masonry structures caused by earthquake load is a common problem that needs to be solved. Monitoring crack development in masonry walls has important significance in the study of the earthquake resistance capability of masonry structures [3] . As seismic oscillation is an extremely complex process, the crack development mechanism of masonry structures is not clear and there is no precise mathematical model to describe the change characteristics. Examining the current literature, most scholars adopt a structure test to study crack development in a masonry structure [4] . A few analyze masonry structure with consideration of an earthquake or dynamic load as a model. As finite element models emerged, Arne [5] and Pietro [6] have successfully simulated masonry structure in seismic oscillation. However, the finite element method gradually becomes invalid in studying the crack development mechanism with the increase of the crack development of the masonry walls. The finite element method can reproduce the process of seismic oscillation well and reflect the influence of strain rate when a shaking table shakes, and the method is useful for studying the masonry walls in seismic oscillation. Some researchers also used shaking tables to study the failure pattern, dynamic response, and collapse mechanism of masonry structures [7] . Using shaking tables for large scale masonry structures is, however, challenging due to the limited bearing capacity and size of the tables. And the shaking table is too expensive to be a conventional method to study the crack development of masonry walls in seismic oscillation. This study used a hammer to impact a suspended steel plate to simulate the seismic oscillation in the field.
Few techniques and methods are available to monitoring the crack development of masonry walls in seismic oscillation in the field. The techniques and methods currently available are not effective in continuously monitoring the instantaneous dynamic displacements of masonry walls in seismic oscillation in the field. This problem can be solved, however, by applying monocular digital photography. Monocular digital photography, combining photogrammetric technique with information technology, presents an opportunity to monitor the instantaneous dynamic displacement of engineering structures by adopting a nonmetric digital camera to observe multiple points simultaneously and to capture the instantaneous displacement of a deformable object [8] . Although digital photography has not been as popular in engineering structures as in other fields such as biomechanics, chemistry, biology, and architecture, many pioneering applications in this field have demonstrated its underestimated potential, e.g., for monitoring bridge structures [9] [10] [11] , structural cracks [12] [13] [14] [15] , and masonry wall displacements with digital image correlation (DIC) method [3, [16] [17] [18] [19] [20] . Moreover, the DIC method is also used to monitor the strain development on bricks [21] . These examples demonstrate that it is feasible to monitor the masonry walls to examine the crack development pattern in seismic oscillation with monocular digital photography.
The DIC method, which is popular for studying the crack development of a masonry wall in the laboratory, needs a special light source for the test. The light cannot be projected evenly onto the structure when monitoring large engineering structures, resulting in low measurement accuracy, which is even lower outdoors as higher light quality is required.
The objective of this study is to propose monocular digital photography based on the PST-TBP (photographing scale transformation-time baseline parallax) method [22, 23] to monitor the instantaneous dynamic displacements of masonry walls in seismic oscillation outdoors. Based on the monitoring data obtained through the technique, we analyzed the influence of the S-wave (shear wave) on masonry walls in seismic oscillation and investigated the relationship between the crack development pattern and the seismic wave propagation on the masonry wall. Monocular digital photography based on the PST-TBP method can even be used to monitor the real masonry house in seismic oscillation to warn of the possible danger.
Monocular Digital Photography
Both the DLT (direct linear transformation) method [24] and the PST-TBP (photographing scale transformation-time baseline parallax) method [25] can be used to process the image sequences. The DLT method requires at least six reference points, which should be evenly distributed and encircle the target. In addition, their spatial coordinates need to be accurate enough for allowing the calculation of the spatial coordinates of deformation points [26] . These requirements are, however, difficult to achieve outdoors. As a result, the DLT method is often used to monitor small objects in the laboratory. The PST-TBP method was therefore used in this study. In this method, the reference points are used to match a zero image with successive images. Their placements are not as strict as in the DLT method. It is not essential to obtain the spatial coordinates of the reference points because the object is to obtain the relative displacement of the targets.
Distortion Correction of Nonmetric Digital Cameras.
The distortion of the camera used in photography contributes to a decrease in the measurement accuracy [27, 28] . The distortion error is linear near the center of the images in a short photographing distance when the digital camera and the monitored object do not move in the test field [29] . Thus, we adopted a grid-based method [30] in the study to eliminate the distortion of the digital camera (detailed in Section 2.3). Figure 1 illustrates that the distortion error of the feature point on the monitored object moves from Position A to Position A' in the camera's view and that ΔX and ΔZ are the corresponding horizontal and vertical values.
The steps to correct the distortion error by a grid are as follows: first, a grid was fixed at a photographing distance S from a SONY350 digital camera ( Figure 2 and Table 1) to the grid plan. The photographing distance was recorded, and the corresponding photos of the grid were taken. Second, we compared the highest quality photo of the grid to the real grid without being affected by the distortion and carefully observed the feature points on the monitored object such as point A, to analyze the size and direction of the distortion. Third, the camera was removed along the photographing direction with the first and second steps reiterated. Last, a mathematical expression for eliminating the distortion was therefore formulated.
After correction, the DLT method was used to assess the measurement accuracy of the digital camera. We measured the spatial coordinates of the reference points and deformation points in relation to the total station position in the laboratory for ease of calculation (Table 2) . Taking the top left corner of an image as the origin of the pixel coordinate system, we recorded their pixel coordinates in relation to the origin position ( Table 3 ). The DLT method was used to calculate the spatial coordinates of deformation points U0 and U1 based on the coordinates in Tables 2 and  3 . Their differences were obtained by comparing the actual coordinates of U0 and U1 with their calculated coordinates ( Table 4 ). The actual coordinates were the spatial coordinates of deformation points monitored by a total station, and the calculated coordinates were the spatial coordinates of deformation points calculated by the DLT method.
The maximal and minimal measurement errors were 2 mm and 0 mm, respectively, with an average measurement error of 1 mm, suggesting that the digital camera used in this study meets the accuracy requirements of deformation observation.
Principle of Photographic Scale Transformation.
The photographing scale of somewhere is always changing along the photographing distance (from the position to the photographing center) [31, 32] . Figure 3 shows a schematic diagram of a CCD (charge coupled device) camera capturing images at different photographing distances H3 and H4.
According to Figure 3 , the relationship between pixel counts and distances can be described by
In general, H3 and H4 are meter-sized, while H2 is centimeter-sized. If H2 can be ignored when the camera is far from the bridge, (1) can be expressed as
From (2), we have
Assume that M1 and M2 are the photographing scale of the reference plane and the object plane, respectively. According to (3), we have
Namely,
where Δ is the photographing scale transformation coefficient and Δ = 4/ 3. 
Photographing Scale
where Δ and Δ are the horizontal and vertical displacements on the object plane of a deformation point, Δ and Δ are the horizontal and vertical displacements on the image plane of a deformation point, M is the photographing scale on the reference plane, and is the photographing scale on the object plane. Δ and Δ have parallax errors.
The PST-TBP method was however used to eliminate the errors caused by the change of intrinsic and extrinsic parameters of a digital camera. The PST-TBP method consists of three steps. First, the TBP method is used to obtain the displacements on the reference plane of a deformation point. These displacements have the parallax errors caused by the change of intrinsic and extrinsic parameters of a digital camera. Second, the reference points are used to match a zero image with the successive images to eliminate the parallax errors. The corrected displacements on the reference plane are obtained. Lastly, the real displacements of a deformation point are equal to its corrected displacements on the reference plane multiplied by the photographing scale transformation coefficient. The details are as follows.
The first step, when a point on the object plane moves from A to B (Figure 4 ), the horizontal and vertical displacements on the reference plane of a deformation point are given by
where ΔX and ΔZ are the horizontal and vertical displacements on the reference plane of a deformation point, Δ and Δ are the horizontal and vertical displacements on the image plane of a deformation point, and M is the photographing scale on the reference plane. Δ and Δ have parallax errors In the second step, some points are laid at a stable position around the camera to form a reference plane that is perpendicular to the photographing direction, and the parallax is therefore eliminated through differencing a zero image with the successive images based on a reference plane, respectively. H1 is the focal length of a CCD camera, H2 is the distance between the optical origin (o) and the front end of the CCD camera, D1 on reference plane and D2 on the object plane are the realworld lengths formed by the view field of the CCD camera at photographing distances H3 and H4, respectively, and N is the maximal pixel number in a horizontal scan line of an image plane, which is fixed and known a priori irrelevant to the photographing distances.
Mathematical Problems in Engineering
The reference plane in Figure 4 consists of six reference points labeled as C0-C5 (at least three reference points), and the reference plane equation can be expressed as
where ( , ) and ( , ) are the image plane coordinates and the image plane parallaxes of a reference point, respectively; ( , ) and ( , ) are the parallax coefficients in the X-and Z-directions, respectively; and ( , ) are the constant parallax coefficients in the X-and Z-directions, respectively. After correcting the pixel displacements on the image plane of a deformation point based on the parallaxes of the reference plane, the corrected pixel displacements on the image plane of a deformation point can be obtained:
where (Δ , Δ ) and (Δ , Δ ) are the corrected pixel displacements and the measured pixel displacements on the image plane of a deformation point, respectively. Then, we obtained the corrected displacements on the reference plane of a deformation point: where (Δ , Δ ) are the corrected displacements on the object plane of a deformation point.
In the last step, the real displacements on the object plane of a deformation point are given by
where (Δ ) and (Δ ) are the real displacements on the object plane of a deformation point.
To improve data processing speed, a data processing toolkit has been developed in the environment of Microsoft Visual C++ 6.0 that allows synchronization of measuring pixel coordinates of deformation points and data processing. The procedure of the toolkit is detailed in Figure 5 . The PST-TBP method is the IM-TBP (image matching-time baseline parallax) method when Δ is 1 [33] .
Masonry Wall Test in Seismic Oscillation

Test Preparation.
Following the study of Sun [34] , a masonry wall with an aspect ratio of 0.67 was used in our test. According to the test conditions and the corresponding design specifications [35] , we adopted the Yishun Yiding method [36] to build a masonry wall (1.2m×0.8m×0.24m) with bricks (240mm×115mm×53mm) of cement mortar grade between M2.5 and M5.0 ( Figure 6(a) ) at a construction site where the foundation was being treated. The foundation soil was native, yellow, and compacted silt clay which was of strong compressive strength. A pit (2.1m×1.4m×0.2m) was dug on the foundation and a manganese steel plate (2.3m×1.5m×0.15cm) was put above the pit. The manganese steel plate, above which the masonry wall was built, hardly generated plastic deformation when impacted by the ironic hammer due to its strong elasticity and strength. The impact hammer was a 25-kg iron cylinder (50cm in height and 12cm in diameter), whose upper portion was welded with an arc steel bar as a hook. Circular targets were uniformly distributed on the bricks of the masonry wall without obscuring the connections between the bricks, and the diameter was less than 53mm whenever possible. Figure 6 (b) illustrates an overlook of the test field, which shows the relative positions of the digital cameras and the masonry wall. In addition, awls were used to fix the steel plate in the test. The stakes were constructed at a stable place on both sides of the masonry wall, and reference points were laid on the stakes. Six Sony-350 digital cameras-the north and south sides of the masonry wall each with two cameras and the east and west sides each with only camera-were used to capture the instantaneous dynamic displacements of the masonry wall when the 25-kg hammer fell freely and hit the steel plate. Figure 7 , we used a hammer to impact a steel plate to simulate the seismic oscillation. The test procedure is described as follows:
Test Process. As shown in
(1) The impact hammer was tied with a rope and lifted to a 0.3-meter position above the ground. Additionally, the digital cameras were adjusted to shoot the masonry wall clearly.
(2) Digital cameras shot the masonry wall to produce a zero image.
(3) Digital cameras shot the masonry wall when the 25-kg hammer fell freely and impacted the steel plate. One group test was completed.
(4) The impact hammer was tied with a rope and lifted to one of the following heights above the ground: 0.6 m, 0
Numerical Simulation of Masonry Wall in Seismic Oscillation
As this study aims to simulate and analyze the failure process of a masonry wall and its crack development, a global continuous model was therefore adopted. Constitutive model of masonry material is based on Material Model 3: plastic kinematic model in LS-DYNA. In this study, the masonry wall was characterized by MU10-strength grade fired common brick, M7.5-strength grade mortar, material density of 1700kg/m 3 , elastic modulus of 2.704E9Pa, Poisson ratio 0.2, and compressive strength of 1.69MPa. Its bottom base was set to be rigid when we established a 3D (threedimension) solid model of the masonry wall (Figure 8 ). Contact and collision were considered in the calculation, and we selected the Single Face, automatic single surface contact (ASSC), and set the static and dynamic friction coefficient to 0.1, and other parameters were the default values given by ANSYS. Then, we imposed horizontal seismic waves to influence the masonry wall; and the expression of a seismic wave used in this study is
where is the acceleration of the seismic wave and t is the moment of seismic wave propagation.
Data Analysis and Discussion
Comparing the Results Obtained through the Field Test and the Numerical Simulation.
After the masonry wall test, the masonry wall was damaged ( Figure 9 ). The east-down masonry wall developed longitudinally through cracks (Line 1). Diagonal cracks (Line 2 and Line 3) emerged along the diagonal of the masonry wall. Crossing cracks (Line 4 and Line 5) occurred on the west of the masonry wall. Masonry damage was caused mainly by the shear stress created by the impact hammer. Cracks develop on a masonry wall when the shear stress is up to a certain extent. As shown in Figure 9 (b), the stress concentration zones of the masonry wall were at its Mathematical Problems in Engineering top left corner, top right corner, central region, two diagonals, and right side, and particularly at the bottom left corner. These stress concentration zones did develop cracks. For example, U33 and U34 in Figure 9 (a) represent red zones in Figure 9 (b), U0 represents the yellow zone in top right corner of the masonry wall, and Line 1 represents the turquoise zone on the right side of the masonry wall. These indicate that our test results are consistent with the numerical simulation, and that it is feasible to use the hammer to impact the suspended steel plate to simulate the seismic oscillation.
Analysis of Measurement Accuracy.
Reference points were labeled as C0-C11on stakes 3 and 4 of the masonry wall, and deformation points were labeled as U0-U38 on the south side of the masonry wall ( Figure 10) .
To assess the measurement accuracy of the PST-TBP method, we selected six reference points labeled as C0-C2 and C6-C8. In theory, these points do not move during the monitoring process, which means that their displacements should be zero. However, the displacements of these reference points obtained by the PST-TBP method were not zero. Their displacements can be considered as the measurement accuracy of the monocular digital photography used in this study. As the photographic scale is 1.43mm/pixel, Tables 5  and 6 show that the average measurement accuracy in the X-and Z-directions was 0.58 pixels (0.83 mm) and 0.59 pixels (0.84mm), respectively. In the west, the average measurement accuracy in the X-and Z-directions was 0.49mm and 0.44mm, respectively [33] . Thus, the PST-TBP method improves the measurement accuracy of a digital camera. Note that in the DIC method, a suitable balance does exist between high spatial resolution and accuracy because the basic principle, the gray level distribution, of the DIC U0  U30  U25  U20  U15  U10  U5   U1  U31  U26  U21  U16  U11  U6   U2  U32  U27  U22  U17  U12  U7   U3  U33  U28  U23  U18  U13  U8   U4  U34  U29  U24  U19  U14  U9   C1   C0   C2   C3   C4   C5   C7   C6   C8   C9   C10   C11   U35  U37 U36 U38 Figure 10 : The distribution of selected monitoring points on the masonry wall and the stakes. method decides that the tradeoff for enhanced accuracy is a reduced spatial resolution and the spatial resolution is the subset size [20] . However, the proposed method is based on the principle of the correspondence points matching. In our paper, the correspondence points are the reference points on the stakes. Once the position of the reference points and the camera are determined, the measurement accuracy of the PST-TBP method is determined. The measurement accuracy of the PST-TBP method increases with the camera resolution when the photographing distance is fixed and it has nothing to do with the spatial resolution (the subset size). The basic principles of these two methods are different in deal with the images. Thus, we cannot compare these two methods in terms of spatial resolution (the subset size), and in the proposed technique, there is no functional relationship between the spatial resolution (the subset size) and the accuracy with reference to the DIC method.
The proposed method provides a new way to monitor the crack development of masonry wall in seismic oscillation by the PST-TBP (photographing scale transformation-time baseline parallax) method outside the laboratory. This paper aims to explore the feasibility of this new method. In our test, we did not use the DIC method to monitor the masonry wall in seismic oscillation. Thus, we cannot directly compare the proposed method with the DIC method in terms of measurement accuracy. We consulted the literature extensively to find the application of the DIC method outdoors. A few researchers, such as Küntz Michel and Tiago Ramos, have used the DIC method to monitor the engineering structures outside a laboratory. In their research, they did not mention the measurement accuracy of the DIC method outdoors. The DIC method is very sensitive to outdoors light conditions. The change of external light intensity has great influence on the measurement precision. Thus, the accuracy of the DIC method outside a laboratory is much lower than in a laboratory. However, there are no detailed data about the accuracy of the DIC method outside a laboratory. In the future test, we will use these two methods to monitor masonry walls in seismic oscillation to compare the proposed method with the DIC method with respect to accuracy.
Masonry Wall Deformation Caused by S-Wave.
The seismic wave in the test is a body wave that consists of a P-wave (pressure wave) and an S-wave (shear wave). The shear wave can result in the shear deformation and the brittle fracture on a masonry structure. Furthermore, the S-wave is divided into an SH-wave (shear horizontal wave) and an SV-wave (shear vertical wave). Thus, this paper discusses the influence of the SH-wave and the SV-wave on the masonry wall based on test result.
Masonry Wall Deformation Caused by an SH-Wave.
The SH-wave caused the masonry wall to move in the horizontal direction, which is perpendicular to the S-wave propagation. We therefore chose the west and east sides of the masonry wall to examine the influence of the SH-wave on the masonry wall. As shown in Figure 11 , the east side was near the hypocenter (the position impacted by the hammer), while the west side was far from the hypocenter. We drew deformation curves of the masonry wall for both sides to study the degree of damage along the direction of the SH-wave propagation ( Figure 12) . X0, X1, X2, X3, X4, and X5 in Figure 12 represent the displacements of U0, U1, U2, U3, U4, and U5 in the horizontal direction, respectively.
According to Figure 12 , the displacements of the deformation points on the east side of the masonry wall were within the elasticity. There was a good integrity between the brick and the mud. However, plastic deformation occurred on the other side (i.e., the west side of the masonry wall), far from the hypocenter, with the increase in the intensity of the seismic oscillation. The integrity between the brick and the mud was destroyed. The destruction from the SH-wave was gradually enhanced along its propagation direction.
Masonry Wall Deformation Caused by the SV-Wave.
The SV-wave caused the masonry wall to move in the vertical direction which is perpendicular to S-wave propagation. To study the propagation characteristics of SV-wave in the masonry wall, we divided the masonry wall into five layers ( Figure 13 ) and draw wave profile (Figure 14) of the deformation points for each layer. Figure 14 shows that the displacements decreased gradually from east to west in the first and second layers and that the displacements fluctuated as sinusoid or cosine curves from east to west in the third, fourth, and fifth layers, particularly in the fifth layer in Figure 14(b) . In conclusion, the SV-wave heavily affects not only the side near the hypocenter but also the third, fourth, and fifth layers of the masonry wall. In addition, we chose the displacement data of tests 16, 17, 18, and 19 to calculate the displacement differences between the adjacent layers. The maximum displacement differences between the adjacent layers are listed in Table 7 . The figures show that the SV-wave destroyed the stability between some bricks and mud such as that between U31 and U32, U33 and U34, U21 and U22, U18 and U19, and U10 and U11. Then, the masonry wall developed cracks and brittle failure at these locations. Thus, the SV-wave is caused in the longitudinal through cracks on the side near the hypocenter and diagonal cracks along the diagonal of the masonry wall.
Crack Development of the Masonry Wall in Seismic
Oscillation. In this section, the south and west sides of the masonry wall were selected to understand their crack development. Figure 15 shows the positions of the deformation points on the south side of the masonry wall before (red) and after (blue) seismic oscillation tests. We reduced the scale of the masonry wall from (1200mm×800mm) to (60mm×80mm) to see the crack development of a masonry wall clearly. For narrative convenience, we defined that the X-direction is the position along the length of the masonry wall and that the Z-direction is the position along the height of the masonry wall. One point (X 0 , Z 0 ) means that it is at position X 0 and Z 0 along the length and height of the masonry wall, respectively. Figure 15 also clearly shows the direction of the movement of each point on the masonry wall. The crack development is therefore determined by the relative movement of the adjacent deformation points. For example, in Figure 15 For clearly understanding the relationship between the seismic wave propagation and the crack development of the masonry wall, the following deformation points around the crack attract our attention, U0, U2, U3, U4, U21, U22, U27, U33, and U34. As tests 15 to 19 cause the masonry wall to be destroyed gradually, we selected their displacement data (Tables 8 and 9 ) to study. Then, Figure 16 was drawn based on these displacement data.
In Figure 16 (a), it is surprising that the shape of the wave profile of the cracks in the X-direction is very similar to a sinusoid or a cosine curve. The similarity increases with the seismic oscillation intensity. This phenomenon is consistent with the results from a shaking table [20] and further suggests that it is feasible to simulate the seismic oscillation by using a hammer to impact a suspended steel plate. In Figure 16 (b), wave profiles of the cracks in the Z-direction are of good volatility. They fluctuated up and down around a horizontal line, which conforms to the characteristics of the seismic wave propagation. Wave profiles of the cracks therefore represent the relationship between the crack development of the masonry wall and the seismic wave propagation well.
On the west, we depicted deformation curves of deformation points. Figure 17(a) shows that the maximal displacement difference for the obvious horizontal crack developed between U0 and U4 is 2.56 mm, while Figure 17 (b) shows that maximal displacement difference for the obvious vertical crack developed between U0 and U4 is 4.31 mm. Moreover, slight horizontal cracks developed on the position between U2 and U5 and the position between U1 and U4. These findings are consistent with the destroyed masonry wall (Figure 11(a) ). Position A (Figure 11(a) ) developed obvious vertical and horizontal cracks, and position B and C developed slight horizontal cracks. In addition, the crack on C occurred in test 14, the vertical and horizontal cracks on A occurred in test 16 and 19, respectively, and the crack on B occurred in test 19. Thus, in seismic oscillation the shear failure first develops in the middle-lower portion of a masonry wall. Then, the bonding between the bricks and the mud is invalid in the middle-upper portion of a masonry wall. Last, shear failure occurs in the middle of a masonry wall.
Based on the test results, we propose some preliminary suggestions to reinforce a masonry wall. Figure 18 shows that construction columns 1 and 2 are set on the two sides of a masonry wall to prevent slip failure, and solid piers 1 and 2 replace the initial bricks easily damaged by the SH-wave, and solid flagstones 1 and 2 replace the initial bricks to minimize the SV-wave influence on the masonry wall.
Note that in the field we used a hammer to impact a suspended steel plate to simulate seismic oscillation. There is no comparative study with reference to this methodology demonstrated elsewhere in the reported research. However, it is feasible as some test phenomena are consistent with the results from numerical simulation and shaking tables. Moreover, the suggestions for reinforcing the masonry walls are restricted to the test example in this study, and future tests are required to prove their feasibility.
Conclusions
This study proposes a new technique to study masonry walls in seismic oscillation outdoors. In this technique, a freely falling hammer impacts a suspended steel plate to simulate seismic oscillation propagated in a masonry wall outdoors. Then, we used monocular digital photography based on the (PST-TBP) (photographing scale transformation-time baseline parallax) method to monitor the crack development of the masonry wall outdoors. In addition, the field test results are also compared with the simulation results produced by ANSYS. The following conclusions are provided:
(1) It is feasible to use a hammer to impact a suspended steel plate to simulate seismic oscillation in the field. Stress concentration zones simulated by ANSYS are consistent with the crack development positions of the destroyed masonry wall. The shape of the wave profile of the cracks in the horizontal direction is very similar to a sinusoid or cosine curve. This phenomenon agrees with the test results from a shaking table.
(2) Monocular digital photography based on the PST-TBP method can meet the accuracy requirement to monitor masonry walls in seismic oscillation outdoors. The average measurement accuracies of Camera 3 in the X-and Zdirections are 0.83 mm and 0.84 mm, respectively. The average measurement accuracies of Camera 5 in the X-and Z-directions are 0.49 mm and 0.44 mm, respectively.
(3) Diagonal cracks and longitudinal through cracks may occur along the diagonal of a masonry wall and on the side near the hypocenter, respectively. The destruction from the SH-wave is gradually enhanced along its propagation direction. Cracks may occur on the side of a masonry wall far from the hypocenter due to SH-waves. SV-waves seriously affect the central bottom portion of a masonry wall without decreasing intensity, but they affect the upper portion of a masonry wall with decreasing intensity from the position near the hypocenter to the position far from the hypocenter.
(4) The crack development pattern of a masonry wall in seismic oscillation is consistent with the seismic wave propagation because the shape of the wave profile of the cracks in the horizontal direction is very similar to a sinusoid or a cosine curve. This study used monocular digital photography based on the PST-TBP method to conduct innovative research into the relationship between crack development and seismic wave propagation on the masonry wall and provides a technical basis to monitor instantaneous dynamic displacements of masonry structures in seismic oscillation outdoors to warn of possible danger. This study also has significant implications for improved construction of masonry structures in earthquake-prone areas.
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